The vertebrate hindbrain includes neural circuits that govern essential functions including breathing, blood pressure and heart rate. Hindbrain circuits also participate in generating rhythmic motor patterns for vocalization. In most tetrapods, sound production is powered by expiration and the circuitry underlying vocalization and can identify conserved features, and thereby reveal essential functional components.
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Introduction
Xenopus has been a highly productive model system for developmental and cell biology (Gurdon and Hopwood, 2012; Wühr et al., 2015) . Genomic resources (Pearl et al.,2012) are supporting ongoing efforts in gene regulation and evolution (Furman et al., 2015; Session et al., 2016) . Analyses of neural circuits using the isolated Xenopus nervous system (reviewed here),together with emerging technologies for whole brain imaging (Tomer et al., 2015) , will significantly advance understanding of how these circuits generate motor patterns. The ex vivo brain generates patterns of nerve activity that match the sound patterns of vocal communication signals (calls) and respiration (Rhodes et al., 2007; Zornik and Kelley, 2008) . This fictively behaving preparation provides substantive insights not only into the function of experimentally challenging hindbrain circuits, but also into how those circuits are accessed and coordinated by descending input from forebrain regions that decode social cues (Hall et al., 2013) .
Hormonally-regulated,sexually differentiated circuit features are maintained ex vivo, facilitating analyses of mechanisms underlying endocrine action (Zornik and Yamaguchi, 2011; Zornik and Kelley, 2011) .The ex vivo fictive preparation is accessible across species (Leininger and Kelley, 2013; Leininger et al., 2015) providing insight into how neural circuits are retuned to generate phylogenetic diversity in vocal patterns.
Retuning in response to hormonescan also be followed across species with divergent modes of primary sex determination (Roco et al., 2015; Furman and Evans, 2016; Mawaribuchi et al., 2016) . This approach (comparative neuromics) providesan important advantage for whole brain imaging studies: the ability to identify conserved and variable features across species in order to tease apart which aspects of a circuit's activity are essential for its function (Katz, 2016; Gjorgjieva et al., 2016) .
Vocal production; hindbrain circuitry
In Xenopus, sound pulses are generated by contraction of paired laryngeal muscles in response to activity on the vocal nerve (Tobias and Kelley, 1987; Yamaguchi and Kelley, 2000) . This nerve arises from motor neurons located in nucleus ambiguus (NA)
of the hindbrain and includes laryngeal motor neuron and glottal motor neuron axons as well as axons that innervate the heart (Simpson et al.,1986) The glottis gates airflow between the mouth and the lungs through the larynx (respiration) and is closed during sound pulse production (Yager, 1992; Zornik and Kelley, 2008) . Thus, in Xenopus, as in most vocal vertebrates (Schmidt and Goller, 2016) sound production is linked to respiration though not powered by expiration.
The pattern of vocal nerve activity recorded in vivo matches the pattern of sound pulse production of actual male and female calls (Fig. 1c) . These patterns can also be recordedex vivo (Fig. 2a) from the vocal nervein an isolated brain and are thus termed fictive calling (Fig. 2b,c) . When the larynx and the brain are isolated together (Fig. 2d) , glottal muscle activity patterns that accompany contractions can be recorded from glottal motor neurons (Fig. 1e) ; the corresponding nerve activity patterns are termed fictive breathing. Theex vivo preparation in Xenopusthus provides an exceptional opportunity to study the linkages between neural circuit elements for vocalization and respiration.
In X. laevis, the ex vivo preparation has revealed key features of hindbrain circuitryas well as the connections between forebrain and hindbrain nuclei that initiate vocalizations and control vocal patterning (Brahic and Kelley, 2003; Hall et al., 2013; Fig. 3a,b) . The fictively calling brain has facilitated the analysis of the role of two groups of hindbrain neurons linked to respiration in many other vertebrates. One is a nucleus, DTAM, in the rostral hindbrain that projects throughout NA (Fig. 3b) . DTAM is rhythmically active during fictive advertisement calling (Zornik et al., 2010; Fig. 3c ). The male-specific advertisement call (Fig. 1) consists of fast and slow trills; DTAM controls fast trill duration and thus overall call duration and period (Zornik and Yamaguchi, 2012) . The other respiratory-linked nucleus is NA in the caudal hindbrain that includes both glottal and laryngeal motor neurons. Nucleus ambiguus is responsible for the slow trill pattern initiated by descending input from DTAM (Fig. 3c) . Each half of the hindbrain includes independent vocal pattern generators and these are coordinated by an anterior commissure (AC) at the level of DTAM and a posterior commissure (PC) at the level of NA as well as by reciprocal ipsilateral and contralateral connections between DTAM and NA( Fig. 3c ). Activity in DTAM influences both vocalization and respiration. DTAM provides provides monosynaptic excitatory (glutamate) input to laryngeal motor neurons and excites inhibitory (GABA) interneurons that suppress activity of glottal motor neurons (Zornik and Kelley, 2008) . Since Xenopuscalls while submerged (Fig. 1a) , thisinhibitory circuit element prevents water in the mouth cavity from entering the lungsduring vocal production. As in other vertebrates, including mammals, neurons in Xenopus N.IX-X express a key hindbrain transcription factor, pHox2B, and originate from caudal hindbrain segments (rhombomeres). N. IX-X motor neurons are cholinergic and project to glottal, laryngeal or heart muscles.
Using these kinds of criteria, candidate homologs for nucleus DTAM in the rostral hindbrain includethe paratrigeminal respiratory group (pTRG) in a non-vocal basal vertebrate, the lamprey , and the parabrachial area (PBA) in vocal mammals (Dick et al., 1994; Smith et al, 2013) .Neurons in the lamprey pTRG originate from rostral rhombomeres and provide glutamatergic innervation to NA. Neurons in the lamprey PTRG are rhythmically active and control expiration.Neurons in the mammalian PBA also express pHox2B, originate developmentally from rostral rhombomeres, provide glutamatergic innervation to nucleus ambiguus and are rhythmically active during respiration; PBA activity is also tied to vocalization (Hage et al., 2006) .The role of DTAM in Xenopusvocalizations (shared with the PBA in mammals)couldrepresent an exaptation (co-option) of an expiratory hindbrain circuit element present in basal vertebrates and preserved in many vertebrate lineages.
Another rhythmically active region, the preBötzinger nucleus, is located in the caudal hindbrain, ventral to NA, and appears essential for respiratory patterning in mammals including humans. Given the strong evolutionary conservation of the caudal rhombomeresfrom which this nucleus originates (Bass et al., 2008) Characterizing transcription factor expression and electrophysiological characteristics, including rhythmicity, and connectivity will address this question.
Vocal production; forebrain initiation
In Xenopus laevis, specific acoustic features of the calls of other frogscan evoke specificvocal response patterns. For example, female ticking transiently silences males (Elliott and Kelley, 2007) 
Sexual differentiation of vocal circuits
The Xenopusvocal repertoire differs by sex (Fig. 1) . In X. laevis, as in most vertebrates, sexual differentiation reflects the secretion of steroids (androgens and estrogens) from the gonadsduring development or in adulthood (Zornik and Kelley, 2011) . The maletypical advertisement call pattern can be evoked, even in adult females, by androgen treatment (Potter et al., 2005) . Some neurons in NA and DTAM express androgen receptor (a ligand-activated transcription factor) in both sexes (Perez et al., 1996) .
Following androgen treatment, ex vivo brains from adult females produce fictive advertisement calling rather than fictive ticking (Potter et al., 2011) .Thefictively callingadult female brain thus provides an opportunity to determine how neural circuits are retuned during the course of exposure to, and withdrawal of, androgens. In addition, the developmental effects of gonadal steroids on neural circuitry (the classical "organizational" effects (Wallen, 2009 ) experienced by malescan be isolated from the effects of hormone secretions during adulthood (the classical "activational" effects) experienced both by males and androgen-treated females.Gonadal steroids regulate sensitivity to acoustic features of Xenopus vocalizations as well as motor patterns (Hall et al., 2016) . Auditory sensitivity to species-specific sound frequencies in advertisement calls is greater in adult females due to ovarian hormones;steroids thus may also retune sensory circuits. As we understand more fully additional endocrine and sensory cues that govern behavioral interactions (Rhodes et al., 2014) , the ex vivo brain preparation should also prove valuable in uncovering responsible neural mechanisms.
Comparative neuromics; gene expression and neural circuits
Comparing neural circuit functions across species uses the long term "experiment" of evolution to uncover the genetic mechanisms responsible for behavioral differences.This approach -comparative neuromics -is analogous to the comparative genomics approach used to distinguish functional and non-functional DNA within evolutionarily conserved sequences and to identify some important functional elements.
Comparative neuromicshas been used at the single neuron and circuit levels level to compare locomotory circuits in gastropod species (Katz, 2016) . Here we propose extending this approach toanalyze neural circuits that generate vocal patterns (Fig.5) .
The fictively calling preparation in recently diverged species (10 to 500 thousandgenerations) should reveal mechanisms for retuning a specific neural circuit component. Over longer time scales (a few million generations), we can determine which elements of neuronal circuitry diverged. Comparisons over time scales of 10's of millions of generations can identify invariant and criticalneural circuit components for a specific function (but see Gjorgjieva et al., 2016) .
The evolutionary history of the genus Xenopus has been estimated using molecular phylogeneticsandother evidence. Anadvertisement call is presentin males of all extant species and inter-species variation in temporal and spectral features of these advertisement calls have been evaluated in a phylogenetic context (Tobias et al., 2011) .
Comparison of species closely related to X. laevis(L clade: Fig. 5 ) reveal that intrinsic differences in the period and durationof activity in one circuit element -DTAM-can account for species differences in call temporal patterns (Barkan and Kelley, 2012) .
Advertisement call patterns withindifferentXenopus clades (A,M and L) diverge
dramatically. Across these clades, the very distantly related species -X. borealis and X. boumbaensis (Fig. 5) -share a temporally simplified advertisement call pattern (Tobias et al., 2011) . In X. boumbaensis, the hindbrain neural circuit has been re-tuned to reduce the duration of fast trill (Leininger et al., 2015) . In X. borealis, however, the hindbrain neural circuit of males produces a temporally simplified pattern (Leininger and Kelley, 2013) , suggesting a global alteration in active neural circuit elements, such as inactivation of DTAM contributions identified in X. laevis. Within the S clade ( Dunn et al., 2016a,b) . Imaging in zebrafish is, to date, however confined to larval stages and individual behaviors, rather than social interactions; imaging usually requires experimental immobilization or natural immobility (Muto and Kawakami, 2016) .
Ventilation via the gills, and the absence of vocalization (unlike some other fish e.g. phylogenies. For example, some neurons in a nucleus of the ventral forebrain (the hippocampus) encode a specific spatial location ("place" or "grid" cells). In rodents, the hippocampus exhibits strong neuronal oscillations at 6 -10Hz, the theta wave, which has been linked in both rats and mice to memory and navigation (Buzsáki and Moser, suggesting that theta is not essential and that its prominence in mice and rats is due to shared phylogeny rather than conserved function. Thus the comparative neuromics approach described above also has the potential to contribute to understanding which conserved neural circuit elements might be essential for a neural function and which reflect a shared phylogenetic history.
In summary, the fictively behaving ex vivo preparation in Xenopus provides a rare opportunity to combine recent advances in the analysis of neural circuits -brain-wide imaging, connectomics, molecular identification of single neurons -with comparative neuromics to determine specific functional components. Systematic analyses of the neural circuits underlying vocalizations can identify CNS mechanisms that underlie changes in behavioral phenotypes across evolution. Comparison of neural circuit elements -using a fictively calling preparation -across
